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Supplementary Notes  
 
Notes on molecular dynamics simulation 
 
To estimate the pseudo-magnetic field induced by given underlying nanostructures in graphene, 
we employed the Molecular Dynamics (MD) method to compute the spatial distribution of the 
strain tensor. The numerical procedures are detailed below.  
 
We began by creating a monolayer graphene sheet with a fixed number of carbon atoms and 
assuming that the positions of the boundary atoms remained invariant throughout the simulations. 
To induce distortions, we moved an underlying nanostructure adiabatically towards the graphene 
sheet until the desirable distortion was reached, and then relaxed the entire system until it reached 
equilibrium. The distorted positions of all carbon atoms were recorded and the spatially varying 
displacement field ˆ ˆ ˆ
x yu x u y hz  u  was extracted. 
In the MD simulation, the interaction among carbon atoms was described by the AIREBO 
potential:
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where i, j, k and l referred to individual atoms, REBOE  is the part that explains the bonded 
interaction; L Ji jE  is Lennard-Jones potential that considers the non-bonded interaction, and 
torsE  
considers torsional interaction.  
A layer of h-BN was inserted between graphene sheet and the underlying structures to minimize 
the perturbation from the substrate in experiment. This non-bonded effect between graphene and 
h-BN can be modeled by Lennard-Jones interaction: 
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Here z is the distance between the carbon atom and the h-BN layer (we neglect the in-plane 
energy variation since it is much smaller than the thermal energy at room temperature), the well 
depth 0.058 eV   and the equilibrium distance 0.34 nm  .40 
Assuming 2D elastic theory for continuum, the free energy induced by elastic lattice distortions 
may be expressed in terms of the elastic moduli and strain tensors by the following expression: 
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where  and  are the c-axis and in-plane bulk moduli of graphene, respectively, and  is the in-
plane shear modulus. Using Eq. (S3), the displacement field  u r  may be determined by 
minimizing sF .  
Next, we consider the following scaling transformation: 
  ; , ,k h h kh x y   r r r   (S4) 
where k is a dimensionless non-trivial constant and h represents for the height variation of the 
underlying nanostructures. A new solution can be obtained for the system after scaling 
transformation by inserting Eq. (S4) into Eq. (S3) and then minimizing the total free energy. 
Noting that 
     , i j i jk u u   u r u r ,  (S5) 
we find that the strain tensor is invariant after the scaling transformation. Hence, the vector 
potential and pseudo-magnetic field of the scaled system become: 
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Thus, the MD simulations may be carried out more effectively by numerical calculations in a 
smaller system with distortions of the same aspect ratios as those of a larger system, and then 
perform the scaling transformations in Eqs. (S4), (S6) and (S7) to achieve the results for an 
intended larger system.    
 
Having outlined the general principles of MD simulations above, we explain in the following 
more details about our method and justification for using large scale topography to obtain the 
expected spatial distributions of the pseudo-magnetic fields, and then compare the computed 
results with experimental data. 
 
We note that while theoretically the effect of strained-induced gauge potential given in Eq. (S6) 
may be directly deduced from the tensor components that are related to the displacement fields 
according to Eq. (6) in the manuscript, empirically it is not feasible to derive the strain-induced 
pseudo-magnetic field from the aforementioned expressions because the original position of each 
carbon atom is not traceable. Although in principle one may perform scanning tunneling 
spectroscopic studies to obtain the Landau levels at each spatial point and then compute the 
corresponding local pseudo-magnetic field, it is practically unrealistic to measure many millions 
of atomically resolved point spectra just to map out the spatial distribution of pseudo magnetic 
fields over an area of a few-hundred nanometers squared. 
 
Fortunately, from MD simulations, we found that the pseudo-magnetic field largely comes from 
the out-of-plane lattice distortion. To illustrate this point, we demonstrate in the following series 
of figures our MD simulations for a monolayer graphene strained by two nanoparticles. 
Specifically, we note that the resulting in-plane lattice distortion ( )xdu dx  is much smaller than 
the vertical lattice distortion ( )dh dx . This observation implies that the out-of-plane component of 
the displacement field contributes the most to the resulting pseudo-magnetic field. Thus, by 
extracting the height variations from experimentally measured topographic data, we can obtain 
sufficiently accurate evaluations of the pseudo-magnetic fields over large areas. 
 
As an example, we show below in Fig. S1 a plot of the topography for a monolayer graphene on 
top of two realistic nanoparticles from MD simulations:  
  
 
 
 
 
 
 
 
 
 
 
 
Fig. S1. MD simulations of the topography of graphene on top of two nanoparticles. The two 
nanoparticles considered for the simulations are based on realistic dimensions of Pd nanocrystals 
described in the main text. 
 
 
From the above topographic data of ( , )h x y , we can obtain the displacement fields, which yield 
both a map of ( )h dx and the map of ( )xu x   shown in Fig. S2 below:  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S2. MD simulations of the strain map due to contributions from the in-plane distortion 
shown in Fig. S1. Here the strain contributions associated with the in-plane distortion is given by 
( )xu x  . 
 
 
Next, we compare the contributions of the in-plane and out-of-plane distortions to the tensor 
component 2( ) [( ) 2]xx xu u x h x       by plotting both the 
2[( ) 2]h x   map and the ( )xu x   
map on the same color scale in Fig. S3A and Fig. S3B, respectively. It is evident that the 
contributions from ( )xu x  to xxu  in Fig. S3B is negligible when compared with those from 
2[( ) 2]h x   in Fig. S3A. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S3. MD simulations of the strain maps due to the height and in-plane distortions. (A) 
Strain map computed from the height distortion using the expression 
2[( ) 2]h x  . (B) Strain 
map computed from the in-plane distortion using the expression ( )xu x  . Here we note that the 
map of ( )xu x  in (B) is the same as that in Fig. S2 except that the two maps are plotted using 
different scales. 
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Notes on a semi-classical model for calculating the trajectory of valley-polarized Dirac 
fermions in the presence of strain-induced pseudo-magnetic fields 
 
In the semi-classical model, the motion of electrons moving in a periodic lattice without external 
magnetic field is given by the following equations of motion: 
 
                                                 ,ek E                                                                                (S8) 
                                                     kr k Ω k ,           (S9) 
 
where E is the applied electric field,  is the electron energy, and  denotes the Berry curvature. 
For K-valley electrons moving in strained graphene, Eq. (S9) becomes: 
 
                                                  ,F  r v E Ω r kA ,  (S10) 
 
where vF is the Fermi velocity, and the Berry curvature  may be expressed as a function of the 
fictitious gauge potential A (r) induced by strain. 
 
Alternatively, we may consider an electron moving in pseudo-magnetic field BS(r) instead of 
computing the Berry curvature of valley electrons. Here BS(r) can be obtained from the strain 
tensors using Eq. (2) in the manuscript and the relation BS (r) =   A (r). The semi-classical 
model that governs the transverse motion of electrons (relative to the direction of a uniform 
external electric field E) may be described by the following equation of motion: 
 
   Se   k v rB .  (S11) 
 
Equation (S11) essentially attributes the rate of transverse momentum change for Dirac fermions 
in strained graphene to the effective spatially varying Lorentz force, where the magnitude of the 
velocity of Dirac fermions in graphene is comparable to the Fermi velocity of graphene: 
 
 61 10 /Fv v m s   . (S12)  
 
Therefore, in the presence of a constant external electric field, Eqs. (S11) and (S12) may be 
rewritten into the following expression (after integrating over a finite time interval and neglecting 
the constant momentum shift due to the external electric field in the steady state): 
 
  ˆs
eB
d d z   k R , (S13)  
 
where zˆ  is the unit vector along the pseudo-magnetic field direction, and R is the position of the 
K-valley Dirac fermion in real space. Since the cross product of zˆ and R basically rotates R by 90 
inside the plane of motion, the trajectory of electron in real space is simply (or part of) its orbit in 
k-space scaled by the factor  SeB . The time-average magnitude of k remains constant because 
BS is perpendicular to the plane of motion. Therefore, we obtain the radius of curvature  t  for 
the K-valley electron trajectory as follows: 
 
  
 ,S
t K
eB x y
   .  (S14) 
 
To evaluate the validity of the aforementioned semi-classical model, let’s make a quick estimate 
of the scale of electron motion in strained graphene using Eq. (S14). For valley electrons in 
graphene, we have
4
3 3
K K
a

  . Thus, for a typical pseudo-magnetic field 300SB T  in our 
experiments, we find  = 40 nm from Eq. (S14), which is much larger than the corresponding 
magnetic length / 1.4m Sl eB nm . Therefore, the semi-classical description of trajectory is 
justifiable for Dirac fermions in strained graphene.  
 
Given Eq. (S14), we may define the cyclotron effective mass for the motion of Dirac fermions in 
graphene under strain-induced pseudo magnetic fields as follows: 
 
 * S
c
F
eB
m
v

 . (S15)  
 
We note that the cyclotron mass defined in Eq. (S15) is different from the effective mass obtained 
from band structure, for valley electrons under 300T magnetic field, *
cm is about twice as big as 
the free electron mass, implying significant localization of Dirac fermions in the presence of large 
pseudo magnetic fields. 
   
Now that we have justified the semi-classical description and obtained an effective mass for the 
Dirac fermions in strained graphene, we may express the equation of motion for the Dirac 
fermions by the following relation: 
 
   *S ce m r B r r . (S16)  
 
Thus, the trajectory of electron motion  tr r  can be derived from solving Eq. (S16). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figures S4 – S9 
 
Supplementary Figure S4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S4. SiO2 nano-cone array fabrication process. (A) Si chip with a 300 nm oxide layer was 
ultra-sonicated in acetone and IPA for 10 min respectively, and then blown dry with nitrogen. (B) 
Spin coat ~ 100 nm PMMA on the SiO2 and bake on a hot plate at 180 °C for 1 minute. (C) E-
beam lithography and development. (D) 15 nm Ni deposition. (E) Lift off the resist by soaking the 
chip in acetone overnight. (F) Use C4F8/O2 reactive ion etching (RIE) to create SiO2 nano-pillars. 
(G) Dip the chip in buffered oxide etch (BOE) for ~ 20 seconds until Ni discs fall off. (H) SiO2 
nano-cone array. 
 
 
 
 
Supplementary Figure S5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S5. Maps of strain tensors induced by an underlying Pd nanocrystal on a monolayer 
graphene sheet:  (A) uxx; (B) uyy; and (C) uxy. 
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Fig. S6. Strained-induced pseudo-magnetic fields and the resulting spectral Landau levels in 
strained graphene. (A)-(B) Four representative point spectra (, ,,) in (A) taken on strained 
graphene locations indicated on the pseudo-magnetic field map in (B), showing strain-induced 
spectral Landau levels with n = 0, 1, 2 and 3. Here we note that two of the spectra exhibit the 
zero-mode Landau level whereas the other two show absence of the zero mode, which are the 
consequences of local time-reversal symmetry breaking. (C) Theoretical fitting (black dashed 
curve) to the point spectrum  with a pseudo-magnetic field value |BS| = 592 T, showing good 
agreement up to n = 3. The theoretical fitting curve is obtained as follows: First, following the 
analysis described in Ref. 28, we fit the point spectrum to a background Dirac curve that also 
incorporates a small energy gap (~ 23 meV) associated with the contribution from an out-of-the-
plane phonon mode at the zero bias. Next, all strain-induced spectral peaks that deviate from the 
B C 

Dirac curve are identified and analyzed using Eq. (3) in the manuscript to obtain the 
corresponding Landau level indices n with a single pseudo-magnetic field value |BS| among all 
Landau levels. Each Landau level after the subtraction of the Dirac curve background is fit to a 
Lorentzian curve, and then all Lorentzian curves for the Landau levels with a single value of the 
pseudo-magnetic field |BS| combined with the background Dirac spectrum form the theoretical 
fitting shown as the black dashed curve.   
 
 
 
Supplementary Figure S7 
 
 
 
 
 
 
 
 
 
 
Fig. S7. Maps of strain tensors induced by two underlying Pd nanocrystals on a monolayer 
graphene sheet:  (A) uxx; (B) uyy; and (C) uxy. 
 
 
 
 
Supplementary Figure S8 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S8. Scanning tunneling spectroscopic evidence for strain-induced spontaneous local 
time-reversal symmetry breaking and two zero modes in monolayer graphene. (A) Spatially 
resolved map of the locations showing finite zero-bias conductance peaks (marked in black 
squares) in monolayer graphene strained by two Pd-tetrahedron NCs shown in Fig. 3B. (B) 
Histogram of the occurrence of zero-bias conductance peaks (denoted as “ZBP”) and gaps 
(denoted as “No ZBP”) for spectra taken in monolayer graphene strained by two Pd-tetrahedron 
NCs shown in Fig. 3B, showing statistically comparable probabilities for the appearance and 
absence of the zero-bias conductance peaks in the strained monolayer graphene. 
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Fig. S9. Schematics of the experimental configurations for graphene-based valleytronics and 
spintronics. The blue-shaded area represents a patterned monolayer graphene/h-BN sample with 
strain-engineered periodic parallel wrinkles, and the purple region denotes a thin-layer of SiO2 on 
top of a Si-substrate (grey region). (A) A graphene valley-Hall transistor:
10
 For graphene wrinkles 
parallel to the long axis, an incident current (Iin) perpendicular to the wrinkles will lead to 
splitting of the K and K Dirac fermions. Therefore, in addition to the longitudinal resistance (R) 
that may be determined either from R = (V25/I16) or equivalently from (V10,7/I16), a non-local 
resistance (RNL) may be detected from RNL = (V39/I48) as shown above, or equivalently from 
(V57/I48). By placing the graphene Hall bar on the SiO2/Si substrate and attaching a back gate to 
the Si, the Fermi level of the graphene can be controlled relative to the Dirac point by tuning the 
gate voltage (VG) so that a sharp peak in RNL-vs.-VG is expected when the Fermi level coincides 
with the Dirac point.
10
 This configuration is therefore a field effect transistor. (B) A valleytronic-
to-spintronic device: The combination of graphene-based valley-splitters and valley-propagators 
can lead to the generation of valley-polarized currents, as schematically illustrated by the yellow 
arrows for the trajectory of K-valley Dirac fermions. The injection of valley-polarized currents 
into a strong spin-orbit-coupled material can further lead to outgoing spin-polarized currents for 
spintronic applications.  
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